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Abstract The increasing deployment of Distributed Gen-
eration (DG) technologies introduces power quality chal-
lenges to the grid, in particular steady state voltage rise at the
connection point for DGunits. Inmost distribution networks,
control andmonitoring of grid parameters is missing, as well
as system security is at risk. Smart grid technologies have the
capability to realize the real-timemeasurements and on-load
voltage controls. With the steady implementation of smart
grid technologies throughout the existing distribution net-
works, the online voltage control can be achieved ensuring
the power quality and voltage levels within the statutory
limits. This study presents a methodology for the estimation
of voltage profile in a smart distribution networkwith DG for
the online voltage control, taking into account different line
X/R ratios and laterals. This method is based on maximum
and minimum voltage estimation by remote terminal units
(RTUs) placed only at DG connected bus and at capacitor
connected bus. Voltage regulation is carried out based on
RTUs estimated values. This work is tested on two radial
distribution networks with/without DGs and laterals. Com-
parative results for voltage magnitudes estimated with dif-
ferent methodology are presented. The reported simulation
results show that the method presented is capable of esti-
mating the voltage profile along the distribution network
with DGs for the online voltage control, considering differ-
ent line X/R ratios and laterals.
Keywords Distributed generation, Power quality, Smart
grid, Voltage rise
1 Introduction
Distributed generation (DG) installations are growing
exponentially. The major driving forces of distributed gen-
erating systems are electricity market liberalization, devel-
opments in DG technologies and environmental concerns [1].
DG technologies offer a number of potential benefits in
comparison to the conventional centralized systems [2–3].
Few of its benefits are lower capital cost, reduced high
transmission and distribution losses, improved supply relia-
bility and power management, reduced demand during peak
times and better quality of power. While offering a numerous
potential benefits, high penetration of DG units can cause
several technical concerns [4–7]. Safety issues, thermal rating
of equipment, power quality and reliability, system fault level,
steady state voltage rise and system stability are the few fac-
tors that restrict the increasing penetration of DG systems.
Steady state voltage rise at the connection point for DG units
can be a bigger impediment to the growth of DG [6–8].
Traditional infrastructure of T&D networks were origi-
nally built to deliver electricity to end-use customers from
remotely generated at large-scale power plants. Distribu-
tion network operators have to ensure the customer volt-
ages well within the tolerance limit. High DG penetration
in the distribution network alters the network flows, greater
variation in voltage which in turn adversely affecting the
quality of supply. In most distribution networks, control
and monitoring of grid parameters are missing, as well as
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system security is at risk. The introduction of smart grid
technologies will address these issues. With the study
implementation of smart grid technologies in the existing
distribution networks, real time measurement and online
control of voltage can be achieved [9–10]. Voltage profile
has to be estimated first for the voltage control.
Voltage profile estimation techniquewith limited number of
measuring points is presented in [11]. New scheme for voltage
profile estimation in distribution network for the online voltage
control is proposed in [12]. Based on the voltages and currents
measurements at the heads of feeder, the other nodal voltages
are estimated. A global parameter method for voltage drop
estimation in distribution system is proposed in [13]. This
method is based on the equivalent line which is determined by
length and section of network lines. However, these methods
are not considering any power injections from DGs or capaci-
tors banks at any point in the network.
A coordinated voltage control scheme for real time
implementation in distribution networks with DG is pro-
posed in [14]. This scheme is based on voltage estimations
by remote terminal units placed at DG and capacitor buses.
An amendable control scheme for the above technique is
proposed in [15]. The proposed scheme needs less
parameters measurements which reduces communication
and calculation burden on remote terminal units (RTUs).
These schemes assumes that line impedance of any section
is constant. However, in general, R/X ratios are not con-
stant along the line. Also, these schemes are not well
covered the distribution systems with laterals.
This paper presents a methodology for the estimation of
voltage profile in a smart distribution networkwith DG for the
online voltage control. The presented method estimates the
voltages of distribution network characterized by radial con-
figuration of different lineX/R ratios and laterals. Thismethod
is based on maximum and minimum voltage estimation by
RTUs placed only at DG/capacitor connected bus and laterals
node point. Based on the readings of these RTUs, online
voltage control can be achieved. This work is tested on two
radial distribution networks. Obtained results for voltage
magnitudes estimated are compared with backward/forward
sweep load flow methods reported in [16–19]. The simulated
results using the above method are presented in this paper,
taking into account different line X/R ratios and laterals with
DG systems. The reported results show that the method pre-
sented is capable of estimating the voltage profile along the
distribution network with DGs for the online voltage control.
2 Impact of DG on voltage rise
Integration of DG units into the traditional distribution
model for the grid causes power flows in two directions
resulting greater variation in voltage. These effects will be
accountable due to the small (X/R) ratio of distribution
network lines. Two-bus distribution system connected with
DG is show in Fig. 1.
The voltage rise can be calculated from the analysis of
two-bus distribution system as shown in Fig. 1. The mag-
nitude of voltage rise is approximately given by:
DV ¼ VG  VS  R PG  PLð Þ þ X QG  QLð Þ ð1Þ
where VG and VS are voltages of DG connected bus and
station bus respectively; PG, QG DGs active and reactive
power injections; PL, QL loads active and reactive power
consumptions; and R, X lines resistance and reactance
respectively. It is clear that the amount of voltage rise on a
distribution network with DGs depends on the amount of
active power injected by the DGs. If the voltage rise issue
is alleviated, then DGs with higher capacities are allowed
to connect on distribution networks.
3 Voltage estimation and structure of RTU
3.1 Voltage estimation
Based on the results in [14], in general, the maximum
voltage values arise only at DG or capacitor connected
buses and at the substation bus. The author suggested to
install RTU at each of these buses. RTUs connected at
these points can directly read the node voltages for maxi-
mum voltage values. In case of minimum voltage values,
possibility of occurrence is only at the end nodes of the
feeder or in-between any two DG (or capacitors, as well as
between a capacitor and DG) connected buses. Voltage of
the end bus can read directly from the RTU connected at
this point or it can be estimated. This method assumes that
the load is concentrated mid-way between two DG units.
From Fig. 2 based on the above assumptions, the value
of minimum voltage between two DG units, calculated by
DG1 is given as:







Also, the value of the minimum voltage point calculated
by DG2 is given as:
Fig. 1 Two-bus distribution system connected with DG
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A better estimation is achieved by averaging these two
values:
Vest ¼ Vest;DG1 þ Vest;DG2
2
ð4Þ
where Vest is the estimated minimum value of voltage
between DG1 and DG2.
3.2 RTU system structure
System structure of RTUs is shown in Fig. 3. This paper
assumes that the communication infrastructure is wide-
spread along the distribution network. The system consists
of an RTU at each DG, each line capacitor and at each
laterals node point. Communication link between RTUs
that have a power line connection is shown in dotted lines.
However, the implementation of the reported online volt-
age control is possible in every conventional distribution
system equipped with RTUs at DGs or capacitor buses as
well as overlaying communication network. Each RTU has
to take few measurements and perform calculations. Fig-
ure 4 show the parameters measured by each RTU. Unlike
the model proposed in [14], the measurement of voltage of
the immediate neighbor buses is not needed. Therefore, the
number of measurement and calculation burden on each
RTU reduced [15]. The function of the each RTU is to
report maximum and minimum voltages to its neighbor
RTU.
The reported method has been designed to be active in
every unpredictable events such as component failure,
power outages or unpredictable change in DGs output. As
the reported method is a real time voltage control model,
the effect of unpredictable change in DGs output or load
variation on distribution system is considered in this model.
While voltage at some buses change due to variation in
DGs output and load changes, the real time voltage control
method first senses this situation and then decides to
change tap position of the voltage regulation in order to
keep the system voltage within the permissible range. Let
RTUn be the RTU connected at nth bus where DG/capac-
itor/lateral node point is connected. Defining RTUn?1 and
RTUn-1 upstream and downstream RTUs connected at
n?1 and n-1 nodes respectively. The flow chart reported in
[15] shows the calculation process of RTU. The furthest
DG RTU that is RTUn?1, assumes that the maximum
voltage value of the feeder equals to its own DG bus
voltage, then it estimates the minimum voltage value and
reports to upstream RTUn. Immediately, after receiving
these data from downstream RTUn?1, RTUn will check if
its own DG connected voltage is greater than the down-
stream voltage and updates the maximum value. RTUn will
estimate the minimum value, compares with downstream
and updates the minimum value. This process will continue
from furthest RTU till the station bus. Each RTU updates
the maximum and minimum voltage values to its neighbor.
After receiving these values from each feeder, voltage
regulator will decide absolute maximum and minimum
voltage values. Voltage regulator will alter its tap settings
based on these values. Regulator will raise its tap position,
if the system voltage is less than the permissible voltage
and reduces its tap position if system voltage greater than
permissible voltage. Before proceeding for voltage regu-
lation of the feeder, the basic condition has to be verified in
order for the voltage regulator controller to find a suit-
able tap, which is given as:
Vmax;feeders  Vmin;feeders \Vmax;perm  Vmin;perm ð5Þ
where Vmax,feeders and Vmin,feeders are the absolute maximum
and minimum voltage of the system; and Vmax,perm and
Vmin,perm the permissible maximum and minimum voltage
of the system respectively. If the equation does not hold
Fig. 2 Small section of a distribution system
Fig. 3 System structure of RTU
Fig. 4 Details of RTU measurements
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then one regulator cannot handle the voltage regulation of
the whole system. In such situation, it is recommended to
install more voltage regulators in the system [14]. Based on
the estimated maximum and minimum values, the voltage
regulator will calculate a suitable tap position accordingly












where Tapnew and Tapold are new tap and initial tap posi-
tion respectively; and Step is step change value of voltage
regulator.
4 Simulation results
In this section, simulation results of the test systems are
reported. This work is tested on two radial distribution
systems. For all the cases, the following data is assumed.
The upper voltage limit is 1.05 p.u.; The lower voltage
limit is 0.95 p.u.; The number of taps is 32; Step change/tap
ratio is 0.00625 p.u..
4.1 Case study 1: 12-bus radial distribution system
with DGs
First test case is a 12-bus radial distribution system with
DGs connection as shown in Fig. 5. Two DGs are con-
nected to bus 6 and 10. The details of the line and load data
are given in [20].
In order for the RTUs to estimate the voltage profile of
the system, RTUs are connected at DG connected bus
points (RTUs at nodes 6 and 10). These RTUs connection
are indicated by thick dark red lines in Fig. 5. For the
comparison purpose, the system is parted into different
sections shown in Fig. 5. The voltage profile of the system
generated based on load flow solution and based on the
readings of the RTUs connected at two DGs is shown in
Fig. 6. Table 1 gives the comparison of voltage profile
values estimated by backward/forward load flow method
and based on RTUs reading. From the table it is clear that
global values of maximum and minimum voltages esti-
mated by RTUs are almost matching with load flow
values.
Figure 6 shows that minimum voltage of the feeder is
about 0.9360 per unit and violates the lower voltage limit
of the system. In order to correct the voltage profile of the
system, voltage regulator will change its tap setting. Fig-
ure 7 shows voltage profile of the system before and after
the voltage regulation. Voltage regulator raised its tap
setting to tap number 5 and this raises regulator voltage to
1.03125 p.u..
4.2 Case study 2(a): 69-bus distribution system
with laterals
In this case, 69-bus distribution system with laterals is
considered for the study as shown in Fig. 8. The rated line
voltage of the system is 12.66 kV. The line and load data of
the system is given in [21, 22].
The system consists of seven laterals originating at six
different lateral node points. Hence, in order for the RTUs
to estimation the voltage profile of the system, a minimum
of six numbers of RTUs has to be connected at lateral
originating node points. Also, in the case of long feeders
without any laterals and DGs (or capacitors) in-between, It
is recommended to connect RTUs at the end-node of the
feeder for accurate estimation. In this particular system, Six
RTUs are connected at laterals node points (RTUs at nodes
3, 4, 8, 9, 11, 12) plus two RTUs at end-node feeders
(RTUs at node 27, 65). These RTUs connections are
indicated by thick dark red node bus in Fig. 8. Also, system
is partitioned into different sections (S-1, S-2, …) for
comparison as shown in the figure. Voltage profile gener-
ated by load flow analysis versus readings of RTU is
plotted in Fig. 9. Table 2 compares voltage values esti-
mated based on backward/forward sweep load flow method
and based on RTUs reading.
Figure 9 shows that the minimum voltage of the system
is about 0.9092 p.u., which violates the lower voltage limit
of the system. In order to correct the voltage profile of the
system voltage regulator will change its tap setting.
Fig. 5 12-bus radial distribution system with DGs connection
Fig. 6 Voltage profile generated by load flow method versus RTUs
method
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Figure 10 shows voltage profile of the system before and
after the voltage regulation. Voltage regulator raised its tap
setting to tap number 7 and this raises regulator voltage to
1.0437 p.u..
4.3 Case study 2(b): 69-bus distribution system
with DGs and laterals
In this case, system with DGs connection is considered.
Voltage regulator output is set at 1.0437 p.u.. Two DGs of
capacity 2 MW and 1 MW are connected at nodes 19 and
60 respectively. In order for the RTUs to estimate the
voltage profile of the system, Two RTUs are connected at
DGs node points (RTUs at nodes 19, 60) and six RTUs are
connected at laterals node points (RTUs at nodes 3, 4, 8, 9,
11, 12). These RTUs connections are indicated by thick
dark red node bus in Fig. 11. Also, system is partitioned
into different sections (S-1, S-2, …) for the sake of
Fig. 7 Voltage profile of the system before and after regulation
Fig. 8 69-bus distribution system with laterals
Fig. 9 Voltage profile generated by load flow method versus RTUs
method
Fig. 10 Voltage profile of the system before and after regulation





Vmax Vmin Vmax Vmin
S-1 0.9999 0.9984 0.9999 0.9984
S-2 0.9999 0.9990 0.9999 0.9982
S-3 0.9999 0.9942 0.9999 0.9965
S-4 0.9999 0.9808 0.9999 0.9890
S-5 0.9786 0.9785 0.9786 0.9786
S-6 0.9774 0.9092 0.9774 0.9092
S-7 0.9713 0.9713 0.9713 0.9713
S-8 0.9682 0.9678 0.9682 0.9680
S-9 0.9682 0.9563 0.9682 0.9563
Global values 0.9999 0.9092 0.9999 0.9092
Table 1 Voltage values estimated by load flow method and based on RTUs readings (p.u.)
Backward/forward load flow method RTUs method
Vmax Vmin Vmax Vmin
S-1 1.0000 0.9680 1.0000 0.9779
S-2 0.9643 0.9421 0.9643 0.9459
S-3 0.9384 0.9359 0.9384 0.9370
Global values 1.0000 0.9351 1.0000 0.9370
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comparison as shown in figure. Voltage profile generated
by load flow analysis versus readings of RTU is plotted in
Fig. 12. Table 3 compares voltage values estimated based
on backward/forward sweep load flow method and based
on RTUs reading. It is clear that global values of maximum
and minimum voltages estimated by RTUs are almost
matching with load flow values.
Figure 12 shows that the maximum voltage of the sys-
tem is about 1.0871 p.u., which violates the upper voltage
limit of the system. In order to correct the voltage profile of
the system voltage regulator will decrease its tap setting.
Figure 13 shows voltage profile of the system before and
after the voltage regulation. Voltage regulator decreased its
tap setting to tap number 0 from earlier tap number 7, and
this decreases regulator voltage to 1.0 p.u. In case tap
settings are reduced further voltage at 65 node violets the
lower voltage limit of the system.
5 Conclusion
A methodology for the estimation of voltage profile in a
smart distribution network with DG for the online voltage
control considering different line X/R ratios and laterals is
presented. This method is based on maximum and mini-
mum voltage estimation by RTUs placed only at DG
connected bus and capacitor connected bus. This method
reduces the number of monitoring points by connecting
RTUs only at DG/capacitor node and laterals node point.
This is a great advantage as there is no need to monitor all
the system buses. This work is tested on two radial distri-
bution networks. Comparative results show that RTUs
estimated values are almost matching with backward/for-
ward sweep load flow method. The reported simulation
results show that the method presented is capable of esti-
mating the voltage profile along the distribution network
with DGs for the online voltage control.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
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Fig. 12 Voltage profile generated by load flow method versus RTUs
method
Fig. 13 Voltage profile of the system before and after regulation
Fig. 11 69-bus distribution system with DGs and laterals





Vmax Vmin Vmax Vmin
S-1 1.0436 1.0422 1.0436 1.0421
S-2 1.0436 1.0427 1.0436 1.0419
S-3 1.0436 1.0382 1.0436 1.0402
S-4 1.0436 1.0396 1.0436 1.0413
S-5 1.0392 1.0392 1.0392 1.0392
S-6 1.0390 1.0134 1.0390 1.0189
S-7 1.0112 1.0016 1.0112 0.9983
S-8 1.0450 1.0449 1.0450 1.0449
S-9 1.0502 1.0499 1.0502 1.0501
S-10 1.0837 1.0502 1.0502 1.0668
S-11 1.0871 1.0859 1.0871 1.0855
Global values 1.0871 1.0016 1.0871 0.9983
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